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Abstract 

A review is given of the theoretical expectations of the self cou- 
plings of gauge bosons and of the present experimental information 
on the couplings. The possibilities for future measurements are also 
discussed. 
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The electro-weak gauge bosons in the standard model of electroweak in- 
teractions interact with each other in a way that is fully described by the 
model. Deviations from the prescribed form cause the model to be non- 
renormalizable or, equivalently, to violate unitarity in high energy scattering 
[0]. In this review talk, I shall present a personal perspective on the determi- 
nation of, and expectations for, these couplings. I shall discuss the form of 
the deviations from the standard model and how they are parameterized and 
then discuss the expectations for the deviations in extensions to the standard 
model. I will review the current experimental information and the possible 
impact of future experiments. 

Deviations from the standard model must be parameterized in some way 
that will still allow predictions for experimental quantities to be made. It is 
convenient to begin with the general form of the WWV coupling where V is 
either a Z boson or a photon [^. 

+ ^W^;X7K/3e'""^ + igXW^^W^id^V + d^V^) (1) 

iW^^) represents the W boson field (field strength) and (or V^y) is 
that of the photon (7) or Z boson. The SU{2) index a will be dropped in 
what follows. Electromagnetic gauge invariance implies that gj = gj = 0. 
In the standard model, \z = X-y = g^ = gi = gt = gi = = \v = 0, 
i^z = i^-r = Qi = gj = I5 gz = ecotOw and g^ = e. Radiative corrections 
can induce small changes in these values at higher order in perturbation 
theory. The terms k, A and g^ violate CP and are also zero at one loop in 
the standard model. Experimental constraints are often quoted in terms of 
A and Ak = k — 1 which parameterize deviations from the standard model. 
The other possible self couplings are ZZZ, ZZ'j and Z'-fj. In the standard 
model these are zero. They are severely constrained by electromagnetic gauge 



1 



invariance and Bose symmetry and must vanish if all of the particles are on 
mass shell 0, 0. I will phrase most of the following discussion in terms of 

and assuming that all the other couplings have the form given by the 
standard model. The arguments provided below can be extended to the other 
cases straightforwardly. 

The standard, SU{2) x U{1) model, of electro-weak corrections has now 
been tested at the quantum (1-loop) level in experiments at LEP, SLC and 
elsewhere 0, ||. In these radiative corrections, the gauge boson self interac- 
tions can appear in loop corrections to the W, Z and photon propagators. If 
all loops involving gauge boson self interactions are ignored, the agreement 
between theory and experiment is less good |^. Direct determination of 
these self interactions comes from direct observation of gauge boson pairs at 
the Tevatron or, eventually, at LEPII. 

Extensions to the standard model can produce values of the parameters 
in Equation |l| that deviate from the standard model form. I will assume that 
whatever extensions exist, they must satisfy SU{2) x f/(l) gauge invariance. 
A model that does not do this will be difficult to reconcile with current datajj 
It is convenient to distinguish two types of extensions to the standard model. 
First, there are models that, like the standard model, are renormalizable. In 
this finite number of new parameters is sufficient to fully describe the 

theory. Supersymmetric extensions of the standard model usually fall into 
this class. In models of this type the parameters in Equation |I] are modified 
by radiative (loop) corrections from the standard model values. 

Second there are non-renormalizable theories. Such models have a mass 
scale A that appears in the coefficient of the higher dimension operators. 
For experiments that probe energy scales (E) less than A, the effects of 
these operators are suppressed by powers of (E/A). Although, such models 
contain, in principle, an infinite number of parameters, only a few of these 
will be relevant for experiment since the suppression will render the effects of 

*For more discussion of this see the talk by WiUenbrock at this meeting pi 
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most of them unobservable. The theory can then be regarded as an effective 
theory vahd for E < A. At energies above A, the theory is replaced by a 
more fundamental one and the terms in the effective theory are computable 
in terms of the parameters of the more fundamental theory. This notion of 
an effective theory is a very useful one since it may be possible to severely 
constrain its form without knowing the full dynamics of the fundamental 
theory ||^. The best example of this type is the theory that describes the 
interaction of pions with each other at low energy. Introducing U = exp{ia- 
Ti/fn), where the vector W represents the 7r^,7r°, the interactions are given 
by 

tr{d,U^d,U)+0{-^y (2) 

This Lagrangian well describes QCD, i.e. the dynamics of tt — vr scattering, 
on energy scales less than a few hundred MeV. At higher energies the full 
dynamics of (non-perturbative) QCD, including the details or resonances 
is needed to fully describe the scattering. The low energy Lagrangian is 
determined by the symmetries of low energy QCD, i.e. the fact that the 
pions are the Goldstone bosons of spontaneously broken chiral symmetry. 

If there is new dynamics on a mass scale of a few TeV, such as is the case in 
technicolor ||10[| models or models where there are strong interactions between 



longitudinally polarized W and Z bosons at high energy pT|, the effects of 
this dynamics can be parameterized by adding terms to the standard model 
Lagrangian [12 1 . These form of these terms is dictated by the requirement 
that they must not produce any effects that would invalidate the various 
standard model tests and they must be invariant under SU{2) x U{1). The 
form of the operators depends upon the particle content of the low energy 
effective theory. The theory must contain the quarks, leptons and gauge 
bosons; it may or may not contain Higgs scalars. If we assume that there 
are no light Higgs scalars then one can write 12 CP invariant operators of 
dimension 4 [|I^ or less. This lagrangian can be written as a gauged chiral 
model. In addition to the quark and lepton fields and the gauge boson fields, 
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there is a field S = exp{in"'r"' /v) with v = 246 GcV. The field vr" provides 
the longitudinal degrees of freedom for the massive W and Z bosons. The 
kinetic energy for the gauge bosons is given by 

^tr(D^EtD^E) - ^W^^W"" - \b^,B^^ (3) 

Here field B^^ {W^,y) is the field strength of the f/(l) {SU{2)) part of the 
standard model. These terms also give the mass for the W and Z bosons 
and the photon. I will consider the effects of two of the additional operators 

L2 = '^g'^t^uewH^B^^T.'^Wn (4) 
These give a contribution to 

= ^5'(/5i-/52) 

= (5) 

However the term Li also contributes to the two point function of the gauge 
bosons and is therefore constrained by measurements at LEP and elsewhere 
as I will now discuss. 

Recall how tests of the standard model are carried out. The model is fully 
described in terms of a set of parameters which can be taken, to be the Fermi 
constant G^, the fine structure constant «em, the mass of the the Higgs 
mass and the masses of the quarks and leptons. Taking these values as input, 
one computes the expected value of some experimentally observable quantity 
such as the cross section oiv — e scattering. This expected quantity has some 
error btheory, that arises from the uncertainties in the parameters and residual 
uncertainty arising from the the calculation having been carried out to some 
order in perturbation theory. This is then compared with an experimental 
measurement which has an error b^xpt- If the theory and experiment agree, 
the model is the tested with an accuracy that is the larger of ^theory and 
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6expt- A failure of the model is revealed when there are experimental results 
that disagree with theory by more than the larger of Stheory and Sexpt- In a 
variant of the standard model, extra parameters appear and the values of 
these parameters can be adjusted to accommodate experimental values that 
the standard model fails to predict correctly. 

The parameters appearing in equation |^ need to be related to physical 
quantities so that their values can be extracted from data. The general 
form of the WWV vertex for bosons of momenta pi, p2 and and polar- 
ization tensors e^, €3 and €3 depends upon the invariant mass of the three 
bosons viz. ^^'^°'{Pi,P2,P3)- In the case of the WW'y vertex, there is a 
physical point where all of the particles are on mass shell (static limit) i.e. 
r^'^"(M^, M^, 0). At this point the quantities appearing in equation |l| are 
related to physical properties of the W boson; and to the electric 
quadrapole moment {Q) and magnetic dipole moment (//) of the W. 

/i = ^(l + '^T + A.) (6) 

g 

(8) 

However these static quantities are not sufficient to describe the general prop- 
erties of T^''"{p\,p2,ply 

Consider the process qq W'j; I will assume for simplicity that all of 
the parameters in the WW'-f vertex have the standard form except for 
and A^. There is a contribution for the Feynman diagram shown in figure ^ 
which depends on r'^'"^{s, M^,0) where -y/i is the center of mass energy of 
the quark antiquark system. If and A^ are taken to be constants, then 
this will result in a scattering amplitude of the form 

A a + b^/s{K,J — 1 + A^) -I- csX-y (9) 

where a, b and c are independent of the center of mass energy {^/s). This 
amplitude grows with s unless and A^ have the standard model values of 1 
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Figure 1: Feynman diagrams showing the process qq W'j 

and respectively. This growth is a general feature of anomalous couplings. 
It is immediately clear that the sensitivity of an experiment to the anomalous 
couplings increases with the energy of the experiment and that a high energy 
experiment is more sensitive to than to — 1. Hence an e~^e^ W^W~ 
measurement at ^/s ~ 500 GeV can constrain and — 1 much more 
precisely than a measurement with comparable statistical power at ^/s ~ 190 
GeV. Similarly in a hadron collider, the greatest sensitivity arises from the 
(few) events of largest energy. 

This problem of unitarity violations can be avoided phenomenologically 
by the introduction of form factors to damp the growth at large s i.e. 

A^/(l + s/A2)"i and ^ (k^- 1)/(1 + s/A2)"2 with ni, rig > 1. It 

is conventional to use a dipole form factor, i.e. n2 = ni = 2. An experiment 
measuring the W'j production cross section can set a limit on Ak^ and A-y 
given a value of ni, n2, and A. Note that for a given choice of ni, n2, and A, 



unitarity alone bounds A^ and Ky — 1. For rii = n2 = 2, this bound is [jTS 

\Ky-l\ < 7.4TeVVA2 

|A^| < 4.0TeVVA^ (10) 

An experiment that is not sensitive to values below these is not relevant. 

Generally r'^'^'^{p1,p2,p'^) is not gauge invariant when computed beyond 
leading order in perturbation theory. This is directly related to the fact that 
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Figure 2: An example of contribution to qq W'~) which must be included 
along with the 1 loop corrections to the WW'y vertex appearing in Figure ^ 



it is not a physical quantity. As discussed in reference [0, it is possible to 
define a gauge invariant form by including some pieces of other corrections 
that would contribute at the same order in perturbation theory to a physical 
process. In the example of qq W'y, a contribution of this type is shown 
in figure ||. It is convenient to quote the values of the physical quantities 
and Ak^ at the static limit as a measure of the expected size of the higher 
order corrections. 

What values of anomalous couplings are to be expected in the standard 
model and its possible extensions? In the standard model the natural size 



of — 1 and A-y is aem/'^ For a top quark mass of 150 GeV and a 



Higgs mass of 100 GeV, A^ = 0.006 and + - 1 = -0.0003|T8|. In the 
supersymmetric model the size of the corrections depends upon the masses 
of the supersymmetric particles. Note that the masses assumed must be 
consistent with other experimental constraints. For most of the values of the 
parameters, A^ is about 60% of its value in the standard model and k^ + X^ — I 
is about 5 times larger than its standard model value. 

In extensions to the standard model where operators of the type in equa- 
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tion H are present, we need to estimate the size of Pi, P2, and A. Using the 
scale of new physics A to be 1 TeV we might expect to be as large as 
0.05 if /3i ~ /32 ~ 1 as would be expected if the new physics at scale A is 
strongly coupled. Other estimates yield values smaller than these [0. The 
term L2 in equation ^ contributes to the gauge boson two point functions 
and in particular to the Peskin-Takeuchi |19| S parameter. Using the data 
from LEP, the constraint \(32\ ^0.5|20| is obtained (again I have taken A = 1 
TeV). Hence the contribution of L2, to Ak^ is restricted to be less than 0.013. 
The term Li is not directly constrained by LEP data. However since both 
j3i and P2 arise from the same (unknown) physics, it is to be expected that 
they will be of the same order of magnitude. 

There have been observations of W'j, Z7, WW and WZ final states 
at the Tevatron collider by both CDF|21| and DO|Q that are reviewed at 
this meeting |2^, ^ The former constrains the WWj vertex while the latter 
constrains the ZZ'-f and Z'j'j vertices and the last constrain WW Z and WW'j 
vertices. The limits on and arising from observation of W'j final states 
are shown in Figure ^. These limits use dipole form factors (rii = ^2 = 2) 
with A = 1.5 TeV. The limits are essentially unchanged if A = 1 TeV. The 
unitarity limits for A = 1.5 TeV are larger than the experimental constraints 
(see figure |^). 

The limits on kz and Xz arising from the observation of WW and WZ 



final states is similar to those on and In the case of the ZZ'j 

and Z'jj vertices, the limits are more sensitive to the assumed form factor 
behaviour of the vertices This is due to the form of the vertex function, 
r'^''"{p1,P2,p1), which must vanish when the particles are all on mass shell 
and therefore has powers of energy in the numerator. The form factors then 
introduced to prevent a unitarity violation must have n > 3. Constraints 
have also been placed on the ZZ'j couplings by searching for events at LEP 
of the form Z —>■ ^Z*{-^ vV) [^. These limits are comparable to those from 
CDF. 

Note that the limits depend upon the ability to predict the event rates 
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-4 -2 2 4 

Figure 3: The limits on Ak^ and from the DO experiment (the area inside 
the oval region is allowed region) [^. The limits from CDF are similar 
2^. Also shown is the allowed region from the observation of 6 — > 37 (the 



hatched area) from CLEO|28[. The limits are shown at 95% confidence. 
The area outside the dashed circle is excluded by unitarity for the process 
qq — >■ W^W~ with ni = n2 = 2 and A = 1.5 TeV. The regions at the top and 
bottom of the figure bounded by the dashed horizontal lines are excluded by 
unitarity in qq 
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Figure 4: A contribution to the process B K'y 



given the gauge boson self couphngs requires an understanding of the QCD 
production process. This process is computed at next to leading order in 
(^strong and the resulting uncertainty should quite small p5|. The angular 
distribution of the process qq W'y has a zero at a particular value of the 
scattering angle I^Gf. This zero is not preserved by the higher order QCD 
corrections. 

The decay of a B meson to a photon and a strange meson, proceeds via 
loop effects. One relevant graph is given in Figure 11, where the WW'-f vertex 



is present. The experimental observation of this process |28] enables one to 



constrain and . The constraint is shown on Figure ^. Note that the 

constraint is less direct than that of CDF and DO. The interference between 
the graph shown in figure | and other graphs such as the one where the 
photon is radiated off the top quark, results in the odd shape for the allowed 
region. If there were other diagrams that could contribute to 6 — 57, such as 
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would occur in a supersymmetric model, the constraint becomes a coupled 



limit involving the couplings of other particles |30 



I will end with a discussion of the prospects for future measurements. 
LEP II will be able to measure the Z7 and WW and possibly the ZZ final 
state. Consequently it will probe the WW'y, ZZ'y, Z77 and WWZ vertices. 
In the case of WW'j, the sensitivity of order 0.3 (0.5) to both A and Ak at 



^/s = 192(176) GeV |32|. This is approximately three times better than the 
current limits from the Tevatron. However these limits are based on ~ 15 
pb^^ of data. They will improve by the end of the current when ~ 100 pb~^ 
will be available. If it is then possible to combine the CDF and DO limits, 
they should fall by a factor of three or so. It seems reasonable to conclude 
therefore that any improvement that LEP II can provide over the Tevatron 
will be small. 



There has been much discussion in the literature pO| , pT| and at this 
meeting of the extent to which the precision measurements of LEP imply 
that LEPII cannot see any effects of anomalous couplings. In order to address 
this question, possible models that differ from the standard model must be 
constructed so that they are consistent with LEP data and predictions for 
anomalous couplings or measurements at LEPII made. As discussed above, 
the LEP data constrain j32 of Equation ^ sufficiently that the contribution of 
L2 to anomalous couplings is too small to be seen at LEPII. The "natural" 
values of (32 and jSi should be roughly equal. In this case it is unlikely that 
LEPII (or the Tevatron) will see a positive effect. However, it might happen 
that jSi >> (32- In QED, one can estimate the natural size of a process 
by assuming that the coefficient of the appropriate power of Oem/Tr is order 
one. Large coefficients such as vr^ that appears in the radiative corrections 
to Coulomb scattering as well as ones that are less than one, such as the 
order avr correction to — 2 of the electron do occur. 

The sensitivities of experiments discussed above are very far from the 
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deviations from the standard model that can reasonably be expected. f\ 
Experiments at LHC |35| have greater sensitivity because of their greater 
energy. ATLAS expects a sensitivity of order Ak^ ~ 0.04 ~ 0.0025 which 
is approaching values that are theoretically interesting [^]. An e+e~ collider 
with more energy than LEP will be more sensitive; at ^/s = 500 GeV (1.5 
TeV) the sensitivities are and Ak^ are ~ 0.01 (~ 0.002) p6| . 

I am grateful to the members of the organizing committee, U. Baur, 
S. Errede and T. Miiller for their work in making this conference such a 
success. The work was supported by the Director, Office of Energy Research, 
Office of High Energy Physics, Division of High Energy Physics of the U.S. 
Department of Energy under Contract DE-AC03-76SF00098. Accordingly, 
the U.S. Government retains a nonexclusive, royalty- free license to publish 
or reproduce the published form of this contribution, or allow others to do 
so, for U.S. Government purposes. 
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